The tendency of gelation stems from the simple fact that the of non-coalescent aggregates is always smaller than the spatial dimension ( = 3) in three-dimensional space [7, 8] .
When aggregates grow with < , the increase in their average size outruns their average nearest-neighbor separation. That said, the system inevitably evolves to crowded states [7, 8, 16] .
This crowding persists until ultimately all the free-space in the system is occupied, at which point the system is said to reach the ideal gel point (IGP) [7, 8, 16] . Subsequently, the sol-to-gel transition occurs, and when all aggregates in the system are incorporated into one single volumespanning particle, the system reaches the final gel state (FGS) [7] . The existing kinetic theory discusses the sol-to-gel transition within two separate regimes per the applicability of SE [7, 8, 15, 16] . Prior to IGP, the evolution of sol systems could be described as binary, mean-field, clustercluster aggregation of particles (hereafter Regime I) with kinetics governed by SE [7, 8, 15, 16] .
Solution to SE with homogeneous kernel leads to the scaling relationship between total number of clusters in the system ( ) and inverse time ( ), ∝ , where the kinetic exponent ( ) quantitatively measures how fast aggregation proceeds [7, 8, 24, 25] . For example, when a system starts out dilute, Brownian aggregation mechanism holds, which yields = 1 [7, 8, 24, 25] . Past studies have demonstrated that the kinetics of aggregation tend to speed up as the system evolves to crowded states and continuously increases to about two when the systems reach IGP [7, 8] .
Such enhancement in kinetics has also been observed to continue beyond IGP, where gelation of sol clusters (hereafter, Regime II) takes precedence. In this regime, the enhanced kinetics have been reported by Fry et al. (2002) who empirically extrapolated and mapped the values of increasing z with respect to [7, 8] .
Here, we systematically study the late-stage kinetics by numerically simulating the gelation system using the off-lattice DLCA model [15, 26, 27] . The algorithm starts out by generating a cubic simulation box with three-million randomly placed monomers. The monomer volume fraction ( ) is controlled by specifying the volume ( ) of the simulation box,
where is a monomer radius in arbitrary units, and , denotes the total number of particle (cluster) at = 0, which is equal to the conserved total number of monomers in the system. The simulation proceeds by randomly picking a cluster of mass (number of constituent monomers, and = 1 for monomer) and moving it by 2 in a random direction with probability
Stokes-Einstein diffusion [24] . The algorithm tracks the total number of clusters ( ), and once clusters are picked, is incremented by unit simulation time . We define as the timeinterval during which monomers move by a root-mean-squared-displacement of 2 :
where , , and , respectively represent the Boltzmann constant, temperature, and viscosity of the surrounding gas (See Supplementary Sect. I for derivation) [24] . During the process, if two clusters collide, they are joined together forming a new cluster, and decreases by one. The algorithm repeats the above procedure until = 1 , that is, the FGS is attained, and the corresponding time is recorded. Next, we study the evolution of the system by analyzing the mass frequency distribution (hereafter, mass distribution) of clusters, (log , ⁄ )
where denotes the number of clusters (having monomers at ⁄ ). represents the diffusivity of that cluster. The intuition behind this scaling analysis is that beyond the IGP the probability for a sol cluster to be scavenged reaches unity, if that cluster has thoroughly explored all the free volume enveloped within its MES, and till then has elapsed from . We show a step-by-step derivation in Supplementary Sect. III that after being normalized by is a function of only, written as:
In FIG. 1 we mark the critical points corresponding to the total conversion of sol clusters at ( = , = + ) using square notes. Good agreements between the predictions by Eq. One could observe that + ≪ and the system evolves with a unimodal cluster mass distribution throughout the entire process. This unimodality implies that sol clusters and gels no longer co-exist. For the extremely dense system ( = 0.1), the transition process beyond the timescale of + is defined as Regime III, which differs fundamentally from the classical view on the gelation of sol clusters [7, 8, 24, 25 ].
We next demonstrate that the kinetics corresponding to Regimes I, II and III could be unified on coherent power-law relationships, when the transition is observed with two timescales, first, the characteristic time for Brownian aggregation ( ), and second, the . In Regime I, solving SE with homogeneous Brownian kernel provides the scaling law with = 1 [7, 8, 24, 25] :
and, = ,
According to Eq. 
where ≈ 5.7 is the kinetic exponent reported at the FGS [8] . The takes on a terminal value because only when ≫ (that is, FGS) could Eq. 1(e) ), indicating that a slowing down of kinetics is indeed a characteristic of the system in which only gel clusters exist. These dense gelation systems near = 0.1 are traditionally discussed using the static percolation [5] [6] [7] 15] , and here we emphasize that the kinetic aspect should not be overlooked. We next evaluate the existing analytical expressions for the characteristic timescales and provide improved parameterizations. Combining Eq. (6) with (1) and (2) FIG. 3) at which a system of randomly packed hard spheres reaches percolation threshold in three-dimensional space. We introduce a semi-empirical expression of for the dense DLCA systems near the percolation threshold as
The prediction by Eq. (9) is plotted in FIG. 3 and it captures the dramatic decrease in the ⁄ near Φ . Similarly, we provide an improved parameterization of for these dense DLCA systems,
where originates from a power-law relationship 〈 〉 = (1 + ⁄ ) quantifying the aggregate growth when cluster-dense condition sets in [25] . The step-by-step derivation of Eq. (10) expression for [7, 16] is also evaluated here: ≈ . , which after being combined with Eq. (2) yields to:
FIG . 3 shows that Eq. (11) overestimates by a factor less than two. The summation of Eq. (10) (or (11)) and (4) provide analytical solution the values for ( + ) ⁄ , which are compared with the ⁄ determined from simulations. We again observe that a dilute system reaches FGS when the total conversion of sol clusters is attained ( + ≈ ), but when monomer dense, the time interval between + and becomes significant, during which regime III takes over the kinetics.
We conclude this Letter with FIG. 4 which schematically illustrates the comprehensive picture of the full sol-to-gel transition. The transition Regimes I-III and the corresponding kinetic expressions (Eqs. (5) and (7)) are presented along with the characteristic timescales, , , and + which serve as milestones. Please note that the regime I and II are separated per at which point SE breaks down, but kinetics 1 fails at a timescale ≈ beyond which Brownian aggregation mechanism no longer holds valid [7, 8, 9, 15] . Regime II and III start out simultaneously at IGP, but II tends to dominate over III because number of gel clusters in a system is typically negligible compared to that of the sol clusters. Regime III only take precedence after II reaches its completion, that is + < < , which only manifests when monomerdense. (2) The off-lattice DLCA model operates with a unit timescale during which monomers move by a root-mean-squared-displacement 〈 〉 that equals the monomer diameter 2 . In threedimensional space,
(S1) where = (6 ) ⁄ is the monomer diffusivity when under Stokes-Einstein diffusion.
Substituting the 〈 〉, , and by 4 , , and 
Substituting the , using Eq. Section V. Derivation of Equation (10) Ref [1] outlined that solution to SE with homogenous kernel yields the average DLCA cluster mass 〈 〉 ∝ (1 + ⁄ ) , and we use the following power-law relationship to describe the particle growth in the cluster-dense regime:
where and are assumed to take constant values for simplicity. Combining Eq. (S10) and Eq. 
